Abstract Io, the most volcanically active body in the solar system, fuels a plasma torus around Jupiter with dissociation products of SO 2 at a rate of~1,000 kg/s. We use a combination of in situ Voyager 1 data and Cassini Ultraviolet Imaging Spectrograph observations to constrain a diffusive equilibrium model of the Io plasma torus. The interaction of the Io plasma torus with Io launches Alfvén waves in both directions along magnetic field lines. We use the recent Juno-based JRM09 magnetic field model combined with our 3-D model of the Io plasma torus to simulate the propagation of Alfvén waves from the moon to the ionosphere of Jupiter. We map the location of multiple reflections of iogenic Alfvén waves between the northern and southern hemispheres. The location of the first few bounces of the Alfvén wave pattern match the Io auroral footprints observed by the Hubble Space Telescope.
Introduction
When Voyager 1 flew past Io on 6 March 1979 the plasma and magnetic field instruments detected a disturbance consistent with a packet of Alfvén waves forming an Alfvén wing propagating from Io Belcher et al., 1981) . Gurnett and Goertz (1981) argued that multiple reflections of such Alfvénic disturbances in the ionosphere of Jupiter could produce the pattern of arcs in the frequency-time spectrograms of the Voyager Planetary Radio Astronomy instrument (Warwick, Pearce, et al., 1979; . Bagenal (1983) combined the Voyager Plasma Science (PLS) data obtained in the Io plasma torus (IPT) (Bagenal & Sullivan, 1981) with an offset tilted dipole approximation to the O4 magnetic field model of Acuna and Ness (1976) to calculate the Alfvén wave propagation from Io to the ionosphere. Because the plane of the plasma torus is tilted~7°from Io's orbital plane, Bagenal (1983) found the oneway Alfvén travel time to range from~3 to~11 min when Io is below and above the torus at 20°and 200°W est System III longitudes, respectively. Complete round-trip travel times ranged from 24 to 28 min, producing a pattern of~67 bounces of the Alfvén wing between the northern and southern hemispheres. A major problem with the Bagenal (1983) study is that the temperature of the ions in the plasma torus was overestimated by a factor of 2 (Bagenal et al., 1985) , resulting in the mass density being more spread out along the field line. An empirical model of the plasma torus was produced with corrected ion temperatures by Bagenal (1994) , but the Alfvén wing mapping was not repeated.
In the meantime, powerful auroral emissions were observed first in the infrared (Connerney et al., 1993) and later in the ultraviolet (UV; Clarke et al., 1996; Prangé et al., 1996) in the atmosphere of Jupiter at the ends (called the Io footprints [IFPs] ) of the Alfvén wings attached to Io. In each hemisphere, the IFP consists of several individual bright spots, followed by a fainter tail extending in the corotational direction as far as 100°downstream of Io (Clarke et al., 2002) . The location of the different spots varies with the System III longitude of Io, that is, its position in the plasma torus (Bonfond et al., 2008 (Bonfond et al., , 2009 Gérard et al., 2006) . Three different types of spots have been characterized by Bonfond et al. (2008 Bonfond et al. ( , 2013 and Hess et al. (2010 Hess et al. ( , 2013 : (1) The main Alfvén wing (MAW) spot is generally the brightest feature and is located at the foot of the direct Alfvén wing connecting Io to Jupiter's ionosphere; (2) the reflected Alfvén wing (RAW) spot comes from the waves that have bounced from the opposite hemisphere; and (3) there is also a transhemispheric electron beam (TEB) spot that is generated by electron beams that are accelerated by the Alfvén waves in the MAW but travel along the magnetic field away from the ionosphere above the MAW spot and into the opposite hemisphere. This mechanism also explains the bidirectional electron beams observed downstream of Io by Williams et al. (1999) and Frank and Patterson (1999) .
The Voyager PLS data were recently reanalyzed by Bagenal et al. (2017) , deriving plasma densities, temperatures, and velocities, with composition constrained as necessary by UV emissions observed by the Cassini Ultraviolet Imaging Spectrograph instrument . In section 2 we describe how we combined these plasma parameters with the latest magnetic field model (JRM09) derived from Juno measurements by Connerney et al. (2018) to construct an empirical model of the propagation of Alfvén waves generated by Io. In section 3 we present a mapping of the Alfvén wing pattern and associated IFP spots and compare their location to observations of UV emissions compiled by Bonfond et al. (2017) . In section 4 we discuss the results and present the conclusions of this research.
Methods
We first derive the distribution of plasma in the IPT, extrapolating the in situ measurements from Voyager 1 along magnetic field lines assuming diffusive equilibrium. The plasma model is then combined with the Connerney et al. (2018) magnetic field to calculate the local Alfvén speed and propagation path of the iogenic Alfvén wing pattern.
The plasma in the Io torus is close to rotating with Jupiter's 10-hr spin period. This means that the sulfur and oxygen ions experience a considerable centrifugal force that tends to confine them to the farthest point from the planet's spin axis-the centrifugal equator. For a tilted dipole magnetic field, the centrifugal equator is located approximately 2/3 of the~10°tilt of the magnetic equator from the jovigraphic equator. The lighter electrons experience a much weaker centrifugal force but are attracted to the positive ions. Thus, under steady state conditions, there is an equilibrium between the ambipolar electric force, the centrifugal force, and the pressure gradient force among all the species in the plasma. The equations of this diffusive equilibrium are straightforward to solve, particularly if we assume the gravity of Jupiter can be neglected and that the ions are isotropic (e.g., see the appendix of Dougherty et al., 2017) . For a single ion species, the equations reduce to a simple Gaussian distribution about the centrifugal equator with a scale height that at Jupiter is
1/2 , where R J is the radius of Jupiter (71,492 km), T i is the ion temperature (in eV), and A i is the ion atomic mass (in units of the proton mass).
We took the Voyager-based torus properties (electron density and temperature, abundances of S , and H + ions and ion temperatures) from Bagenal et al. (2017) that are derived along the spacecraft trajectory (r, θ, and Φ) and extrapolated along the magnetic field using multispecies diffusive equilibrium. We use the latest magnetic field model (JRM09) from Connerney et al. (2018) that uses Juno data from the first nine orbits (eight with magnetic field data) of Jupiter. The eight pole-to-pole passes are fairly evenly spaced in longitude and come within~1.05 R J of the planet, revealing considerably more detail than earlier models based on the two more distant Voyager flybys and the IFP location (O4, O6, VIP4 models, etc., as reviewed by Connerney, 2015) . We note in passing that incorporating data from the Europa and Ganymede footprints produced a pre-Juno model, in situ and auroral constraints (Hess et al., 2018) , that has a remarkable resemblance to JMR09. We added to JRM09 the Connerney et al. (1981) azimuthally symmetric current sheet (CAN), but at Io's orbital distance of 5.9 R J , this has only an~10% effect on the field magnitude and a negligible effect on the field geometry.
Modulation of emissions from the IPT with System III longitude has been observed for some time (see review by Thomas et al., 2004) . On its way to Saturn, Cassini Ultraviolet Imaging Spectrograph observed the IPT and measured changes in its brightness as a function of System III longitude (Steffl et al., 2006) . The greatest observed variation occurred in singly and triply ionized sulfur. Steffl et al. (2006) fit the observed variation and found it to behave as a compositional longitudinal variation of the form M i = A i cos (λ 3 − ϕ i ) + c i , where M is the mixing ratio of the species i, A is the amplitude of variation, Φ is the phase of the variation (the longitude of the compositional maximum), λ is the longitude of interest, and c is a constant offset. The maximum amplitude (A i ) is 19% for S + and 28% for S +++ , and they vary with opposite phase. This variation in the average charge state corresponds to a modulation in the fraction (0.2-0.4%) of electrons that have suprathermal energies (Steffl et al., 2008) . When we incorporate this in the composition of the IPT with longitude, we find it accounts for a net variation in total mass density of the torus of only~8%. The Io torus often also exhibits an asymmetry in emission between the dawnside and duskside of Jupiter (reviewed by Thomas et al., 2004) , but, again, the impact on the mass density of the Io fluxtube is minor. Both of these effects are small when compared to potential variation due to volcanic activity, as will be discussed later in this section.
Io acts as an obstacle to the bulk flow of the corotating plasma torus. Electrical currents flowing through Io's ionosphere (as well as the moon's interior) divert this flow, causing a local perturbation. This local perturbation propagates along the magnetic field lines as magneto-hydrodynamic Alfvén waves. This perturbation propagates at the Alfvén speed:
where B is the magnetic field, μ 0 is the permittivity of free space, and ρ is the local mass density. Near Jupiter, the magnetic field becomes strong enough-and the plasma density low enough that the relativistic correction to the Alfvén speed becomes necessary
We divide Io's orbit into 3,600 discrete System III longitudes providing 0.1°resolution. The JRM09 + CAN magnetic field model is then used to compute the magnetic field lines that intersect Io at each of these longitudes. JRM09 + CAN provides discrete points that constitute each field line, as well as the magnetic field strength associated with each point. At each discrete location we have the magnetic field strength from JRM09 and the mass density from the 3-D IPT model, this enables us to calculate the Alfvén speed along the field lines using equation (2). By integrating the Alfvén speed along a field line, one can calculate the Io-to-Jupiter Alfvén travel time both north and south from the position of Io. This value changes as Io's location within the plasma torus changes along its orbit due to the 7°tilt of the torus relative to Io in the jovigraphic equator.
The computed travel times are shown in Figure 1 . The one-way Alfvén travel time ranges from~2 to~12 min when Io is below and above the torus at 20°and 200°West System III longitudes, respectively. Complete round-trip travel times ranged from 25 to 30 min. The values closely resemble those from Bagenal (1983) ; though the core ion temperature is halved, there is also a suprathermal component (assumed to be O + ) included in the Bagenal et al. (2017) reanalysis of the Voyager PLS data. This suprathermal component provides for additional mass densities at higher latitudes, reducing the magnitude of the Alfvén speed and the latitudinal gradient at the edge of the torus.
The north and south Io-to-Jupiter travel times have been separately fit with third-order Fourier series in the form of equation (3), where T is the travel time and λ is the east longitude of Io, with constants shown in Figure 1 .
Densities of the IPT are known to vary with fluctuations in the volcanic activity of Io (Delamere et al., 2004; Yoshikawa et al., 2017) . We show (blue shading) how the travel times would increase with increased mass densities of up to 50%, with the Alfvén travel times correspondingly increasing by a factor of ffiffiffiffiffiffi 1:5 p or 22%.
A simulation is then run where Io continuously launches Alfvén waves. At each of the 3,600 locations of Io's orbit, an Alfvén Wave is launched from both hemispheres of Io. These iogenic Alfvén waves are assumed to carry a portion of their wave energy to high latitudes and reach relativistic speeds. The Alfvén waves travel along their respective field lines (using the full JRM09 + CAN model) until reaching Jupiter's ionosphere, at which point they are reflected back along the convecting field line. In the simulation, the waves continue to propagate, reflecting at the ionosphere of Jupiter.
Jupiter revolves once every 9.93 hr, or 0.6°per minute. Io orbits Jupiter at 0.14°per minute. Io's System III longitude in Jupiter's magnetosphere changes by 0.46°per minute. If Io is selected to be at any specific longitude, the time elapsed since Io was at every other longitude is known. Given the time elapsed since a wave was launched, the location of that wave along the respective magnetic field line is calculated. The simulation calculates and plots the location of each of the 7,200 (north + south) wave fronts, mapping out the Io Alfvén wing pattern in System III longitude, as we discuss in the next section.
Results
An example of the simulation described above is shown in Figure 2 . Io is located at a longitude of 180°( shown as a pink dot). The locations of the wave fronts along each field line are plotted as the black lines. The pattern is very similar to Bagenal (1983) except for significant differences (as much as 10°longitude) in the actual location of the ends of the field lines. This change is primarily due to the updated magnetic field model and directly impacts the location of predicted aurora. Because of the slight increase in Alfvén travel time, due to changes in the density profiles from the Voyager reanalysis, the total number of bounces of the Alfvén wing between the northern and southern hemispheres has decreased to~57 for a full sweep of the pattern around Jupiter. It is unlikely that the Alfvén wing remains coherent for so many bounces but the pattern shows the effect of the longitudinal gradient in travel time on the spacing of auroral spots.
Assuming each ionospheric footprint of the Alfvén wing produces aurora, a red dot is plotted at its respective location along the Io auroral foot path in the north and south hemispheres in the bottom plots of Figure 2 . We apply the categorization of Bonfond et al. (2013) for the IFP morphology of MAW, RAW, and TEB as discussed in section 1.
This simulation has been run for each location of Io, making an animation that can be found in the supporting information (and here http://lasp.colorado.edu/home/mop/missions/juno/io-alfven-wave- 
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Geophysical Research Letters propagation). The animation illustrates the behavior discussed by Bagenal (1983) of the Alfvén wing structure stretching out in longitude after 20-or-so bounces downstream of Io when there is an increasing slope of Alfvén travel time with longitude, as illustrated in Figure 8 and explained in Figure 9 of Bagenal (1983) .
Predictions of the MAW, RAW, and TEB (described in the introduction) from our simulation are compared in Figure 3 with Hubble Space Telescope ACS observations of the Jovian aurora in 2005, 2006, and 2007 . We compute the TEB spot by propagating instantaneously from each MAW along the (unperturbed) field line to the opposite hemisphere. The Hubble Space Telescope (HST) MAW spot locations and their related error bars originate from the data set provided in the auxiliary material from Bonfond et al. (2017) . Following their method, here we have manually selected the location of the TEB and RAW spots when identifiable, and the error bars for these spots assume the same 3-pixel uncertainty on the positions. The horizontal axis of Figure 3 is the System III west longitude of Io, and the vertical axis is the difference between the longitude of the footprint and the longitude of Io.
The IPT maintains a baseline density on the order of what was observed by Voyager 1 and used in this model; however, exceptionally large (every~2 years) volcanic eruptions can cause this density to increase temporarily (Delamere et al., 2004; Yoshikawa et al., 2017) . The uncertainty in model predictions is dominated by the variability of the IPT with volcanic activity. This can cause travel times to increase by up to 22%, which corresponds to an uncertainty in the footprint predictions of 0-4°when Io is on the edge of and in the center of the torus, respectively. This uncertainty in the model is depicted as the shaded colored regions in Figure 3 .
There are several factors that could produce the slight mismatches between the model and the measured locations shown in Figure 3 . As Juno continues to fill in the map of Jupiter's magnetic field, we will see whether future updates to JRM09 will make significant changes to the locations of the IFPs. Temporal changes in Io's volcanic output can also change the mass density of the torus, which changes the Alfvén travel time as illustrated in Figure 1 . The monitoring of the torus emissions by JAXA's Hisaki satellite in Earth orbit (Yoshikawa et al., 2017) will allow future comparison of specific spot locations with a model adapted to appropriate plasma torus conditions. Further comparisons with other IFP data sets could also aid in better explaining this picture, and systematic errors can be used to identify weaknesses in the magnetic field model. The remarkable alignment of the data with the model indicates that the JRM09 magnetic field model is accurate.
Discussion and Conclusions
We have produced an updated model for the propagation of Alfvén waves in the IPT. We note that the geometry of the wave propagation is strongly controlled by details of the magnetic field geometry rather than variations in the torus density (e.g., with System III or IV or with Io's volcanic activity). This is because not only are changes in the Alfvén speed dominated by the magnetic field term but the waves themselves propagate along the magnetic field lines-So their fated position is entirely prescribed by the field geometry. Changes in the density only affect when the waves will arrive. We have generated a pattern of Alfvén waves that would propagate from Io and bounce between hemispheres with no significant reflection at any Io torus boundary. Previous models (e.g., Crary & Bagenal, 1997; Jacobsen et al., 
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2007) assumed a sharp gradient in Alfvén speed at a torus boundary. Our torus density model includes suprathermal ions and protons based on reanalysis of the Voyager plasma data that produces a smoother transition from the torus to high latitudes, which would suggest less reflection. In predicting auroral spots at the footprint of the Io Alfvén wings, we assume that the electrons exciting the emission are produced by the waves Crary, 1997; Hess et al., 2013 Hess et al., , 2010 rather than in electrostatic structures that would decouple the wing from the ionosphere (Ergun et al., 2009; Su et al., 2003) . Detailed structure in the radio emissions (Warwick, Pearce, et al., 1979; and recently revealed by infrared images of the IFP aurora by Juno (Mura et al., 2018) indicate that the Alfvén wing could be filamentary, as suggested by Chust et al. (2005) based on Galileo data. Hess et al. (2011 Hess et al. ( , 2017 used both the latitude and the longitude of the IFP MAW spot to constrain the VIPAL and in situ and auroral constraints magnetic field models, which requires one to estimate the shift between the instantaneous Io flux tube footprint and the observed MAW spot. The present study also shows that this method was indeed appropriate.
This research yields the following results:
1. Using an updated empirical model of the IPT density and the recent Juno-based JRM09 magnetic field model, we map the pattern of Alfvén waves generated by Io propagating between hemispheres assuming no dissipation, diffraction, or filamentation 2. The one-way Alfvén travel time ranges from~2 to~12 min when Io is below and above the torus at 20°a nd 200°West System III longitudes, respectively. Complete round-trip travel times range from 25 to 30 min 3. The observations of the MAW, RAW, and TEB are well matched by the model of Alfvén wave propagation
